The Eulerian -Lagrangian-Agent method (ELAM) couples three modelling approaches into a single, integrated simulation environment: (i) Eulerian descriptions, (ii) Lagrangian formulations, and (iii) agent reference frameworks. ELAMS are particularly effective at decoding and simulating the motion dynamics of individual aquatic organisms, using the output of high fidelity computational fluid dynamics (CFD) models to represent complex flow fields. Here we describe the application of an ELAM to design a juvenile fish passage facility at Wanapum Dam on the Columbia River in the United States. This application is composed of three parts: (1) an agent-based model, that simulates the movement decisions made by individual fish, (2) an Eulerian CFD model that solves the 3D Reynolds-averaged Navier-Stokes (RANS) equations with a standard k-1 turbulence model with wall functions using a multi-block structured mesh, and (3) a Lagrangian particle-tracker used to interpolate information from the Eulerian mesh to point locations needed by the agent model and to track the trajectory of each virtual fish in three dimensions. We discuss aspects of the computational mesh topology and other CFD modeling topics important to this and future applications of the ELAM model for juvenille salmon, the Numerical Fish Surrogate. The good match between forecasted (virtual) and measured (observed) fish passage proportions demonstrates the value-added benefit of using agent-based models (i.e.
INTRODUCTION
Mitigating the decline of native salmon stocks is an important environmental and societal issue in the Columbia and Snake River basin of the Pacific Northwest, USA. One of several possible mitigation actions is to increase the proportion of downstream outmigrating juvenile salmon (migrants) that pass hydropower dams without injury on their journey to the ocean. Migrants passing through turbines can be subjected to 5 -30% mortality (Neitzel et al. 2004) . Therefore, research efforts over several decades have been mostly devoted to diverting migrants over spillways and through bypass systems so that passage through the powerhouse turbines can be reduced. However, researchers have only been able to incorporate anecdotal or qualitative fish behavior into consideration when developing bypass systems (Popper & Carlson 1998) . Consequently, early bypass systems often achieved only limited and variable success (Coutant & Whitney 2000) at considerable cost (Harden 2003) because migrants could either not locate the opening to the bypass or rejected the opening once they were within its hydraulic influence.
Many potential structural and operational solutions to improve passage efficiency are outside measured natural conditions or previous experience of the designers and, therefore, require numerical modeling tools (Booker et al. 2004 ) for design assessment. A quantitative tool that can be used to help interpret observed data or to forecast migrant movement behavior and response to alternative structural and operational configurations would be of considerable utility both because of the value of salmon and because of the cost of bypass systems. We decided to use an individual based modeling approach to decode how migrants react to features in flow fields and, therefore, understand the success or failure of past bypass systems. An individual approach seems appropriate, as the perception and response of an individual migrant to its environment is undoubtedly complex (Steel et al. 2001 ) because, while individual movements can be translated into an understanding of population dynamics, the converse is generally not possible (Turchin 1997) . Hydroinformatics tools needed to understand and model individual migrant movement response to environmental cues are now becoming available (Mynett 2002; Mynett et al. 2004) . Advances in telemetry (e.g., Steig 1999; Gerolotto et al. 1999; Lucas & Baras 2000) can provide high-resolution 3D tracks of individual movements that can be used to formulate and calibrate virtual fish.
Computational fluid dynamics (CFD) models can now describe hydrodynamic patterns at scales meaningful to fish, and laboratory studies have recently defined sensory abilities of fish to distinguish elements of hydrodynamic fields (e.g. Coombs et al. 2001; Krö ther et al. 2002) .
We describe below an application of an integrated mathematical method that couples (1) an Eulerian framework governing the physical and hydrodynamic domain of a hydropower dam forebay, (2) a Lagrangian framework governing the sensory perception and movement trajectories of individual fish, and (3) an Agent-based framework governing the cognitive domain and behavioral decisions of individual fish. The resulting Eulerian -Lagrangian -Agent
Method (ELAM) decision-support tool for migrants is called the Numerical Fish Surrogate (NFS) model (Goodwin et al. 2006) . We describe hereafter an application of NFS as one of several project evaluation tools to rank alternative bypass designs for Wanapum Dam. We focus here on hydro (CFD) and informatics issues associated with applying NFS. Our application demonstrates that behavioral stimuli and responses can be incorporated into common engineering practice for fish protection as suggested by Popper & Carlson (1998) . Accuracy of the Numerical Fish Surrogate is assessed by comparing the model's ability to rank existing bypass systems versus measured performance (Goodwin et al. 2006) .
WHY EULERIAN, LAGRANGIAN, AND AGENT FRAMEWORKS ARE ALL NEEDED
Processes in the physical sciences are generally analyzed using one or a combination of three approaches: Eulerian, Lagrangian, and Agent-based (object-orientated) (Nestler et al. in press) . A New Paradigm -Eulerian -Lagrangian -Agent
Methods (ELAMs)
The Eulerian -Lagrangian -Agent Method (ELAM) can mechanistically decode (interpret) and forecast 3D movement patterns of individual fish responding to modeled or measured stimuli. The ELAM framework is well suited for describing large-scale patterns in hydrodynamics and water quality as well as for zooming in on much smaller scales at which individual fish make their movement decisions.
This ability of ELAM models to simultaneously handle dynamics at multiple scales allows them to 7realistically represent fish movements within aquatic systems (Goodwin et al. 2006) and can be applied to other problems where processes over a wide range in scale must be accommodated.
Hypothesis of migrant movement behavior
The importance of a particular type of stimulus (e.g. odor, predator, prey, or hydrodynamics) to a fish, and therefore its likely response, varies with the context of the stimulus (Kim & Wardle 2005) . Near dams, the response of fish to hydrodynamics frequently overrides or supersedes their responses to other stimuli (Popper & Carlson 1998) .
Through natural selection riverine fish have evolved behaviors in response to hydrodynamic stimuli (Kalmijn 2000) . Aquatic environments are rich in acoustic and hydrodynamic signals (Rogers & Cox 1988 ) because any object that moves relative to a fluid generates a disturbance field (Montgomery et al. 1995) . Fish can detect flow strength and direction Voigt et al. 2000) ; whole body acceleration (Kalmijn 1989) ; nearinstantaneous spatial velocity gradients (Hudspeth 1989) describing normal strain, shearing strain, and rotation (the mechanisms of flow field distortion); and pressure (Coutant 2001) . Although what a fish perceives is undoubtedly complex, we believe that their response to features in flow fields near dams can be understood by considering basic principles of (i) hydrogeomorphology, (ii) the terms of the Navier -Stokes equations of fluid motion, and (iii) the structure and capabilities of the fish sensory system. We term the resulting synthesis as the strainvelocity-pressure (SVP) hypothesis (Goodwin 2004) .
Quantifying flow field distortion using "total hydraulic strain"
In our modeling system, fish move through the forebay of a large hydropower dam and are assumed to respond only to hydrodynamic cues generated by forebay structures without visual cues from or tactile contact with solid structures.
General fluid motion can be described as the sum of four mechanisms: (1) linear translation, (2) linear deformation, (3) rotation, and (4) angular deformation. Spatial velocity variation induces (2) linear deformation, (3) rotation, and (4) angular deformation mechanisms. If we define distortion as the sum of deformation and rotation mechanisms, i.e. all fluid motion mechanisms other than simple linear translation, the spatial velocity gradient tensor embodies all of the information needed to define a "total distortion" metric. It seems plausible that fish can detect each spatial velocity gradient separately and at a near instantaneous interval because subcutaneous canals of the mechanosensory lateral line system are oriented differently over the body of the fish.
Popper and Carlson (1998) point to studies in Suckling and Suckling (1964) and Anderson and Enger (1968) indicating fish detect water particle movements of less than 0.5 mm.
However, with little-to-no guidance on how, or if, fish may assemble and respond to the instantaneous spatial velocity gradients describing flow field distortion, we assemble them into a hypothetical scalar total distortion metric, S 1 , using the simplest way possible by summing the absolute values of each spatial velocity gradient:
We term the total distortion metric, S 1 , as "total hydraulic strain" because it intrinsically conveys an awareness of the underlying distortion mechanisms of (2) linear deformation (whose tensor metric components are normal strain rates), (3) rotation (whose tensor metric components are angular velocities), and (4) angular deformation (whose tensor metric components are one-half the true shearing strain rates). Although rotation is not due to normal or shearing strain rates, the same spatial velocity gradients induce both angular deformation (shearing strain) and rotation. Mathematically, the magnitude of a 3D second rank tensor (matrix) may also be calculated as the Frobenius norm: Mechanisms (2) and (4) can be combined to form a single deformation quantity, i.e. the strain rate tensor 1 ij , whose diagonal components are the normal strain rates and off-diagonal components are one-half the true shearing strain rates. Spatial velocity gradients can then be viewed as inducing the mechanisms of deformation (described using the strain rate tensor) and rotation (described using the rotation or angular velocity tensor) (Figure 2 ).
Relationship between flow field distortion and river geomorphology
The importance of flow field distortion and implementation of the strain -velocity-pressure (SVP) hypothesis is best explained in the context of river geomorphology. In natural rivers, distortion of the flow field may be generally described as resulting from either (1) friction resistance producing wallbounded flow occurring when a solid boundary (e.g. river channel) exerts skin or grain resistance on moving water and (2) form resistance producing free-shear flow occurring when bed form changes such as an obstruction in the flow (e.g. stump or rock outcrop) produce a local constriction in the flow area (Yang et al. 2005) . Information contained in the total hydraulic strain and velocity fields is sufficient to separate structures producing friction resistance and form resistance flows. Wall-bounded flow gradients, associated with friction resistance, exhibit increasing total hydraulic strain and decreasing water velocity towards a solid boundary. In contrast, free-shear flow gradients, associated with form resistance, exhibit increasing total hydraulic strain and water velocity towards the obstruction. The pressure component of the SVP hypothesis recognizes that migrants generally change depth at a rate related more to their ability to adjust swim bladder volume than their vertical swimming velocity (Strand et al. 2005) . Within the Numerical Fish Surrogate model (NFS), we consider these hydrodynamic cues to be environmental agents that interact with the fish agent.
Agent-based and behavioral modeling
According to the SVP hypothesis, information from the total hydraulic strain and velocity fields within range of the 
where U ¼ mean velocity; u ¼ fluctuating velocity; P ¼ piezometric pressure; x j ¼Cartesian coordinates; t ¼ time;
r ¼ water density; m ¼ dynamic viscosity; and 2ru i u j ¼ Reynolds stress. A turbulence model is required to close the equations because of the appearance of the Reynolds stress, and the standard k-1 model (Launder & Spalding 1974) with wall functions is used in this study. The Reynolds stresses are related to the mean strain rate through an eddy viscosity as follows:
and the eddy viscosity is obtained from
where k ¼ turbulence kinetic energy, 1 ¼ turbulence dissipation rate, and d ij ¼Kronecker symbol ( ¼ 1 when i ¼ j,
. The transport equations for k and 1 are
where 
Calculating spatial velocity gradients (derivatives) in a CFD model
The nine spatial velocity gradients of ›u i =›x j must first be determined to calculate "total hydraulic strain". The nine spatial velocity gradients are actually spatial velocity derivatives because they represent the instantaneous rates of spatial change in velocity at any point in the flow field, i.e. gradients over an infinitesimal distance. Information in a CFD model is finite and output only at discrete locations.
The gradient interval can be no smaller than that of a given mesh element (computational cell). The spatial velocity derivatives can be approximated in a number of ways but we limit our discussion here to the finite volume method because it is compatible with any finite volume based CFD model software and because it was used to calculate the spatial velocity derivatives for the applications described in this paper as well as those in Goodwin et al. (2006 Here we employ a finite volume method for estimating the spatial velocity derivatives using a hexahedral control volume consisting of the hexahedral mesh element itself. summed to obtain the surface normal vector for the whole computational cell face. The same approach is applied to other cell faces of the control volume. The volume of the computational cell is calculated using the Gauss Theorem:
where x f ; y f ; z f are the surface center coordinates, and A increasing discretization (delta value ¼ 0.4, 0.8, 1.6, 2.0, 2.4). Increasingly courser discretization (surrogate for mesh quality) has a more deleterious impact on the ability to capture the trend in the derivative quantity. In a 3-D mesh, discontinuities introduced by domain discretization (tessellation) may be made more evident in the spatial derivatives of velocity that are not apparent in the solution field of primary variables. A high quality mesh provides a solution that would not appreciably improve or change with a finer mesh and is applicable to both primary and derivative quantities. There are two 7.6 m high, semi-circular piers with a 1.2 m radius.
entrance to the SBC, while others stop at the SBC. These changes in the hydrodynamic conditions start approximately 10 m from the SBC and may trigger a behavioral repertoire different from that executed further upstream.
AGENT-BASED MODEL CALIBRATION AND VALIDATION
The goal of the agent-based Numerical Fish Surrogate model developed here is a decision-support tool that can (i) forecast 
FORECASTING PASSAGE RESPONSE OF MIGRANTS TO ALTERNATIVE ENGINEERING DESIGNS
We present here an application of the ELAM method, the Numerical Fish Surrogate, for the design of juvenile fish (Table 1) . After determining adequacy of the initial comparison, the NFS model was applied "as is" to the four additional scenarios in Table 1 . The NFS model results generally follow similar patterns with relatively little difference for all three virtual fish release groups (day, night, and composite) (Goodwin et al. 2005) . Forecast fish passage proportions with 5000 and 2000 virtual fish and 5000 passive particles are listed in Table 1 . About 15% of the virtual fish remain in the forebay at the termination of each NFS run (Goodwin et al. 2005) . Table 2 . Detailed flow and operational conditions for these cases and the corresponding hydrodynamic flow patterns can be found in Li & Weber (2006d) . Concepts 10 and 11 exhibit similar hydrodynamic patterns as represented by the streamlines, velocity magnitude contours, total hydraulic strain at 1.5 m depth plane (Figure 14) . However, the construction cost of Concept 11 was estimated to be approximately 30% higher The difference is plotted using 3D slices, a log scale with range 1 E-9 to 1, and color fill contours matching those of the designated configurations (e.g. DH8 in Goodwin et al. (2006) ). Differences should be rectified. 
Mitigating differences and the need for benchmarking
Mitigating differences may involve counter-balancing idiosyncrasies and biases in any new CFD solution method or software with "calibration" until it mathematically replicates and exhibits the same biases and idiosyncrasies in velocity, streamlines, and especially the spatial velocity derivatives as the U 2 RANS structured mesh and finite volume method used in this study. For instance, it may be found that elements of different types (i.e. tetrahedrons) might need to be packed or graded differently than otherwise needed to describe the flow field similarly to the U 2 RANS structured mesh and solution methods, software, and mesh topologies and maintains consistency and integrity of the subtle hydrodynamic patterns to which the Numerical Fish Surrogate is calibrated.
Otherwise, there is no theoretical or practical way to guarantee that intrinsic, systematic differences in the spatial velocity derivatives will not adversely impact fish simulation results and, more importantly, decision-support provided to sponsors. This study shows that advanced computational modeling approaches (numerical CFD simulation) can be blended with alternative hydroinformatics technologies (agent-based behavioral models for fish movements) to increase the predictive capabilities of decision support systems in eco-environmental applications.
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